Past analysis of the heat generated during cyclic loading of composites has been primarily focused on the thermal response that occurs at the same frequency as the cyclic load. However, it has been observed that a smaller amplitude signal occurs at twice the frequency of the cyclic load. A physics-based model is presented that describes how this signal is expected as a result of the heat generated by friction at a delamination. The second harmonic source is incorporated into a quadrupole two-dimensional simulation of heat diffusion, which allows for rapid simulation of a temperature profile at the surface from a friction source.
INTRODUCTION
Active thermography is a well-established technique for rapid inspection of large carbon fiber reinforced polymer (CFRP) composite structures. Active thermography applies an external heat flux to a surface, inducing a temperature gradient in the material or structure. From the resulting variation in temporal response of the surface temperature, subsurface flaws are detected and characterized. Passive thermography differs from active thermography, in there is no intentional heating of the structure or component. Passive thermography measures the temporal responses resulting from heat sources such as solar heating to detect and characterize subsurface features. It has been shown to be a viable inspection technique for flaws in road or bridge pavement and detection of hidden objects such as burial sites.
Passive thermography is almost an ideal technique for monitoring the damage growth during carbon fiber reinforced polymer fiber (CFRP) composite fatigue testing. Characterizing the progression of damage is possible by measuring the surface temperature of a composite during fatigue testing. The CFRP composite surface emissivity is normally large enough to perform the measurement without surface preparation. During the fatigue testing there are at least two sources of heating. The first is a result of the dilation deformation of the material and is commonly referred to as the thermoelastic effect. For small cyclic strains with sufficiently high frequencies, there is no heat transfer to the surrounding environment and the mechanism is adiabatic and the time average of the temperature is equal to the ambient temperature. It has been shown that it is possible to estimate the strain in the material or structure by measuring the cyclic temperature.
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A more interesting heat source during fatigue testing is a flaw in the material. The flaw can change the amplitude of the thermoelastic heat generated by changing the load distribution in the test specimen. The amplitude change is not typically accompanied by a significant phase change except in the immediate vicinity of the flaw. At the flaw, the strain may vary through the thickness, producing a variable thermoelastic effect through the thickness. For this case, surface normal heat diffusion can change the phase of the surface temperature. Other subsurface heating mechanisms can contribute to the phase shift.
Passive thermography during fatigue testing is similar to what is commonly referred to as vibrothermography.
4, 5 A significant difference is the intent of vibrothermography is typically to detect damage, rather than to monitor damage growth as is of interest here. Vibrothermography induces strains at high frequencies, then measures a much lower frequency temperature change. Measurement of the time dependence of a vibrothermography response typically refers to a measurement relative to amplitude modulation of an excitation source.
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Passive thermography, for monitoring damage growth during cyclic fatigue testing, relies on the fatigue testing protocol. The temperature increases induced by the presence of a flaw are typically on the order of a fraction of a degree, rather than several degrees as is common for vibrothermography. The frequency of the cyclic loading is also low enough that infrared imagers can capture multiple images during a single cycle. This enables improved sensitivity to the induced temperature increases by synchronous detection at the cyclic load frequency.
7 A passive thermography signal is a combination of both adiabatic and nonadiabatic heat generation in the material. Thermoelasticity is an example of an adiabatic process, while processes such as friction, plasticity, and viscoelasticity are examples of nonadiabatic processes. 8 In addition to thermal responses at the load frequency, nonadiabatic sources produce higher harmonics. This paper examines the thermal response at twice the load frequency. It is assumed the source of this response is friction from the interaction of contacting surfaces of a delamination. This signal is used to estimate the depth of the delamination.
PASSIVE THERMOGRAPHY MEASUREMENT ON IMPACTED HAT-STIFFENED COMPOSITE PANEL
Passive thermography data was acquired on both sides of a hat-stiffened composite panel. The panel skin was 17 plies with a thickness of 0.32 cm. The hat flange was 11 plies with a thickness of 0.21 cm. Barely visible impact damage (BVID) was created at 4 locations on the panel skin right next to or on the stiffener flange. Cyclic compressive loads were applied from -20,000 pounds up to -150,000 pounds at 2 Hz. The passive thermography data monitored the damage progression during loading. Additional information about the test configuration and data acquisition is documented elsewhere. 9 The damage at one of the BVID sites grew significantly during the testing. The damage was also characterized by single sided ultrasonic scans performed from the flat side. This section focuses on a comparison of the ultrasonic scan and the passive thermography data acquired from the flat side of the panel shortly before the panel's failure. Three of the characteristic thermal responses observed during the cyclic loading are shown in figure 1 . Each of the signals shown are averages of four cycles and five different points with similar characteristics, to increase the signal to noise. The temperature prior to the beginning of cyclic loading is subtracted from each of the signals. Most of the panel is presumed to have no subsurface damage and has a response similar to that labeled "No Damage" in the figure. A characteristic signal from that region of the panel is a simple sinusoidal signal with a slight offset and a phase that is 180
• relative to the cyclic loading. Shown in the same figure is a characteristic response in the region of the damage. It is also a simple sinusoidal signal, with phase that is shifted relative to the undamaged region and a significantly larger offset. Most of the prior effort in this area has focused on the characterization of this typical damage response that occurs at the fundamental frequency of the cyclic loading.
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Measuring the amplitude of the fundamental has been shown to be a very effective way to monitor the growth of the damage, however, to date it has not been possible to relate the phase to damage depth. This is in part due to the lack of precise knowledge about nature of the source. A third response shown in figure 1 is a signal with a significant harmonic response. It also has a considerably higher offset than the other two responses. As will be discussed in the next section, a simple friction source will produce a signal that has higher harmonics of the fundamental and a static heating term.
To reduce the data at each point, each time response is fit with the function:
where ω is the angular frequency of the cyclic loading and C 0 to C 5 are the fit coefficients. Fits of each response are solid lines in figure 1 . The amplitude and phase of the fundamental contribution to the signal can be determined from C 2 and C 3 . The amplitude and phase of the harmonic contribution to the signal can be determined from C 4 and C 5 .
Images of the fundamental amplitude and the harmonic amplitude at each point in the region with significant subsurface damage are shown in figure 2. The subsurface damage as characterized by an ultrasonic scan is shown in the same figure. The similar shape in all three of the images have been horizontally aligned visually. While the harmonic amplitude looks similar to the fundamental amplitude in shape, the largest harmonic amplitudes occur at the right and left ends of the damaged regions and are in the regions where damage grows in subsequent cycles. The larger values of the harmonic response seem to give better definition to the edge of the delamination. The points with the largest values of amplitude all have approximately the same phase of -0.90±0.15 rad. The fundamental phases at those same points vary significantly with an average of -2.7 rad and a standard deviation of 0.7 rad, where the mean and standard deviation is obtained by subtracting 2π from values larger than zero to yield a smaller standard deviation. The relatively large standard deviation of the fundamental phase indicates the source of the fundamental is less consistent than the harmonic. The next section assumes a simple friction source to facilitate estimating the depth of the harmonic source based on the phase of the harmonic.
THERMAL SIGNATURE OF A FRICTION SOURCE

Simple Friction Heat Source
The power required to move an object at a velocity against a force is:
where P and F are the power and force required to keep the object moving at a velocity v. The simplest relationship between force due to friction is the amplitude of the force equals the coefficient of friction times the surface normal force pushing the objects together. For simplicity, in this section it is assumed the surface normal force does not change, therefore, force amplitude does not change, only force direction.
Assuming the relative displacement of the two surfaces is proportional to load on the specimen, then the velocity of the two surfaces relative to each other is proportional to the time derivative of the cyclic loading. For a sinusoidal load proportional to sin(ωt)), the velocity is proportional to cos(ωt). Since the force is assumed to be constant, if the dissipated power is heat, then the resulting heat flux per unit time is
where C includes a significant number of unknown parameters, such as the coefficient of friction, the normal force between the two surfaces and the amplitude of the relative velocities. While these parameters are not known, the focus of Eq. 3 is to relate the phase of a simple friction source to the cyclic loading phase. This will be used to estimate the source depth from a measured harmonic response phase.
One-Dimensional Simulation Representing a Planar Subsurface Simple Friction Heat Source
One-dimensional simulations are appropriate for planar sources. While based on figure 2, the source does not appear to be a planar source, a model of a subsurface planar source quickly gives trends that will also be seen in the response for a line source.
The Fourier transform of | cos(ωt)| only has cosine coefficients at ω = 0 and the even harmonics of ω. It is possible to calculate a one-dimensional solution for the thermal response for a simple friction source by solving for the contribution from each of the Fourier components. A one-dimension solution for the surface temperature of a layer with an internal impulse source is
where K and κ are the thermal conductivity and diffusivity of the material, L is the total thickness of the layer, Q is the energy in the impulse and p is the depth of the source below the surface. The solution for a step function source that starts at t = 0 is found by convolving T imp with a continuous source:
where P is the power per unit area of the source. All of the time dependent terms in the sum tend to zero for t > L 2 /(π 2 κ), the result being a linear increase in temperature for long times with a slope of P κ/LK, which is independent of the source depth. Convolving T imp with P cos(ωt) starting at t = 0 gives a solution for the cosine terms:
The exponential terms in the sum all tend to zero for t > L 2 /(π 2 κ). Evaluation of the sum is required to determine the phase and amplitude of the response for t > L 2 /(π 2 κ). An accurate calculation of the response requires including an increasing number of terms in the sum as the depth of the source increases.
After calculating the Fourier coefficients for | cos(ωt)|, Eq. 5 and Eq. 6 are combined to give the temperature at the surface The thermal responses for three different depths of sources are shown in figure 3 . The thermal diffusivity is 0.0045 cm 2 /sec and the cyclic load frequency is 2 Hz. The total thickness was 0.32 cm. The initial time of 9.0 sec is significantly larger than L 2 /(π 2 κ), which is approximately 2 sec for this case. As was noted during the discussion of Eq. 5, the slopes of all three responses are approximately the same since all times are significantly greater than L 2 /(π 2 κ). There is also increasing phase lag with increasing source depth. Finally, there is a very significant reduction in the sinusoidal amplitude as the source depth increases. The amplitude and phase as a function of depth are shown in figure 4. As can be seen from the figure, the amplitude decreases approximately exponentially with depth. The phase is approximately linear with depth. A discontinuity in the phase results from the periodic nature of the sinusoidal response. The discontinuity can be removed by appropriate addition of 2π, however, for comparison to experimental measurements, this representation is better.
The phase of the largest harmonic signals was measured to be -0.90±0.15 rad. From a linear fit of the depth as a function of phase, it is possible to estimate the source depth to be 0.084±0.003 cm. This is close to the 0.06 cm depth of a delamination in the same region based on the ultrasonic measurement. From an examination of figure 2, the largest harmonic response appears to be the result of a line source. A line source model is presented in the next subsection.
Two-Dimensional Simulation Representing a Subsurface Simple Friction Heat Line Source
The significant harmonic signals seen in figure 2(c) appear to come from a line source. A two-dimensional thermal model using the quadrupole method is an ideal method for rapidly computing multiple responses of different configurations of a line source. A point source in two-dimensions represents a line source in three-dimensions. An advantage of the quadrupole method for two-dimension and three-dimension configurations is that the solution can be expressed in matrix formulation. The methodology for finding the matrix equation has been given in The Laplace transform for the layer's surface temperature at a set of equally spaced discrete points is represented by a vector (T(s)) that is equal to the dot product of a vector representation of the internal flux (F(s)) and a transfer matrix (C(s)) or
The elements of C(s) are given by:
where N is the vector length, K is the surface normal thermal conductivity, p and L are the source depth and layer thickness respectively and a n is 1 if n is 0 or N − 1 and 2 otherwise. q n (s) is given by:
where κ x and κ z are the in-plane and surface normal thermal diffusivities respectively. The time dependence of the surface temperature for an impulse response (T(t)) is solved for by numerically inverting T(s) for a given shape for the internal flux. This solution is convolved with | cos(ωt)| to find the surface temperature for a simple friction source. The thermal responses for three different depths of line sources are shown in figure 5 . The time range is the same as that used for the responses shown in figure 3 . The length of the vector representing the surface temperature and flux were 274 elements. The shape of the flux was represented by 1 at element 137 and zero elsewhere. The surface normal and in-plane diffusivities are 0.0045 cm 2 /sec and 0.025 cm 2 /sec, respectively, and the cyclic load frequency is 2 Hz. The total thickness was 0.32 cm. One significant difference between these responses and the planar source response shown in figure 3 is the slopes of all three responses are approximately zero. The sinusoidal amplitudes, while having the same relative dependence on depth as the planar source, are also much smaller. The smaller slopes and sinusoidal amplitudes are due to the lateral diffusion of heat. The increasing phase lag with increasing source depth is also evident in this figure. The phase lags calculated from these responses are approximately the same as found for a planar source.
A comparison of an experimentally measured response and a simulated response is shown in figure 6 . The zero position is arbitrarily set to the location of the experimental maximum. The simulation surface normal and in-plane diffusivities are 0.0045 cm 2 /sec and 0.025 cm 2 /sec, respectively, and the cyclic load frequency is 2 Hz. The total thickness was 0.32 cm. The width of the simulation response depends on the in-plane diffusivity, which was not measured. A value was chosen to give reasonable agreement with the experimental data. The depth of the source was set to be 0.085 cm on based the depth estimated from the average phase measurement. As discussed earlier, this is in reasonable agreement with the delamination depth from an ultrasonic measurement. The simulation amplitude was scaled so the maximum value of amplitudes of simulation and experiment were equal. No adjustment was made to the simulation phase. For the simulation, it is clear that the phase increases as the distance from the source center increases. Discontinuities in the phase are removed by adding 2π as appropriate. By approximately 0.2 cm from the largest value, the experimental amplitudes and phases are either from a different source or noise. In regions where there is sufficient signal to noise, the agreement is reasonable.
CONCLUSION
Reduction of the passive thermography response of a cyclically loaded composite component with a hat-stiffener indicates at select points there are responses with significant harmonic content. These locations seem to correspond to the edge of a subsurface delamination based on single sided ultrasonic measurements of damage.
A simple friction heat source provides a reference phase for the harmonic heat source relative to the cyclic loading phase. From a one-dimensional model, an approximately linear relationship between harmonic phase and source depth is found. Based on this relationship, the primary source depth is estimated to be 0.084±0.003 cm which is in reasonable agreement with an ultrasonic measurement of delamination depth in the same region. A two-dimensional model for a line source produces a shape for the harmonic amplitude that agrees reasonably with the measured shape of the harmonic response amplitude.
